1. The simult :aneous control of the hindlimb paw-shake response and hindlimb walking at slow treadmill speeds (0.2-0.4 m/s) was examined in adult cats spinalized at the T12 level, 3-6 mo earlier. Paw shaking was elicited by either I) application of adhesive tape or 2) water to the right hindpaw. To assess intralimb and interlimb coordination of the combined behaviors, activity from selected flexor and extensor muscles at the hip, knee, and ankle was recorded, and the kinematics of these joints were determined from high-speed cinefilm.
2. When paw shaking was combined with hindlimb walking, the response in the stimulated limb was initiated during swing (F phase) of the step cycle. The onset of knee extensor activity provided the transition from the flexor synergy of swing to the mixed synergy of paw shake. At the end of the paw shake, an extensor synergy initiated the E-l phase of swing, and the resultant joint motion was in-phase extension at the hip, knee, and ankle to lower the paw for contact with the treadmill belt.
3. During the rapid (8 1 ms) paw-shake cycles, knee extensor and ankle flexor muscles exhibited single, coactive bursts that were reciprocal with coactive hip and ankle extensor bursts. This mixed synergy was reflected in the limb coordination, as knee flexion coincided with ankle extension and knee flexion coincided with ankle extension. Phasing of hip motions was variable, reflecting the role of the proximal in stabilization during paw shake ( 16) . Although the number of paw-shake cycles l -l . l . l l . . e A combined during swing vaned greatly rrom 2 to 14, average cycle periods, burst durations, and intralimb synergies were similar to those previously reported for spinal cats tested under conditions in which the trunk was suspended and hindlimbs were pendent (23, 27). 4. For step cycles during which a long pawshake response of 8-14 cycles occurred, swing duration of the shaking limb increased by 1 s, and during this prolonged interval, the contralateral hindlimb completed two support steps. Stance duration of the support steps was also prolonged. This adjustment maximized the duration of paw-contact and minimized any period of nonsupport by the contralateral hindlimb during paw shake. Completion of the paw-shake response was followed by either an alternating, or a nonaltemating, gait pattern on the recovery steps.
5. One spinal cat combined locomotion with short two-cycle paw-shake responses, and because the shortened response was limited primarily to the time ordinarily devoted to swing, interlimb adjustments were slight. Such behavior was similar to that seen in the hindlimbs of normal cats during the simultaneous control of locomotion and the paw-shake response (4). 6 . The data presented demonstrate that the lumbosacral cord alone is sufficient for the simultaneous coordination of hindlimb walking and hindlimb paw shake. We propose that a lumbosacral central generator [patterned after a model presented by Grillner (reviewed in Ref. 12) ], consisting of separate unit burst generators, can be reconfigured rapidly between the reciprocal synergy of locomotion and the mixed synergy of the paw shake. The model postulates that a single assembly of unit INTRODUCTION In the preceding paper (4) we described how normal cats combined a hindlimb paw-shake response with locomotion while keeping pace with a treadmill belt at slow walking speeds. Combination of the two behaviors, accomplished by compensatory adjustments in interlimb coordination, requires that the stimulated hindlimb make rapid transitions from the general reciprocal flexor and extensor synergy typical of walking (12, 2 1) to the mixed synergy typical of paw shaking (20, 27). Although hindlimb walking (5-10, 28) and paw shaking (17, 23, 27) have been studied separately in the spinalized cat, lumbosacral mechanisms alone may not be capable of controlling the complex interlimb and intralimb adjustments required to combine walking with paw shaking.
During hindlimb walking, also called "spinal locomotion" (28), cats with a low-thoracic cord transection make compensatory adjustments in interlimb coordination when one hindlimb is perturbed. In the stumbling corrective reaction (9) , for example, a tactile stimulus applied to the dorsum of the hindpaw early during swing results in enhanced flexion of the stimulated limb and a prolongation of stance in the contralateral hindlimb. The same stimulus applied during stance elicits an enhanced, but shortened, extension response and a shortened swing in the contralateral hindlimb. Thus, compensatory interlimb adjustments are made in the absence of descending input to lumbosacral segments, and the adjustments are adapted to the particular phase of the step cycle.
Compensatory gait adjustments also occur during split-belt locomotion in spinal cats when the hindlimbs must walk on different belts (8) . When the belt speeds differ minimally, the hindlimbs can maintain a common rhythm because cycle periods in the "slow" hindlimb are shortened, while in the "fast" hindlimb they are lengthened. When the two belt speeds are quite different, the fast limb completes multiple steps that result in 2: 1 or 3:l rhythms between the hindlimbs. Spinal mechanisms, therefore, can organize complex compensatory gait adjustments to maintain interlimb coordination appropriate to the task.
Compensatory responses produced during split-belt locomotion and the stumbling corrective reaction do not necessitate changes in the intralimb synergy of the perturbed limb. Whether the lumbosacral cord alone can coordinate the necessary transitions from the reciprocal synergy of walking to the mixed synergy of paw shaking is not known. The purpose of this study, therefore, was to examine hindlimb walking combined wi th the paw-shake response in adult cats spinalized at the T12 level. Coordination of the two responses was assessed from activity of selected hindlimb flexor and extensor muscles, and supplemented by high-speed cinefilm an alysis of joint kinematics . Results are discussed in to current models of neural control relation of locomotion ( 11, 12) and of the paw-shake response (26, 27). Abstracts of this study have been published (2, 3) .
METHODS

Spinalization and elicitation of combined behaviors
Several young adult cats (2.3-4.1 kg) were spinalized under aseptic conditions and anesthesia (pentobarbital sodium, 35 mg/kg). A partial laminectomy was performed at T12 and after local subdural injection of lidocaine (2%), the cord with dura intact was severed with fine scissors. The completeness of the transection was made obvious by retraction of the two ends of the cord, and the gap was packed with Gelfoam. Postoperative procedures developed by this laboratory for the care of spinalized cats have been described previously (28). After a recovery period of 3-6 mo, three spinal cats that achieved hindlimb weight bearing were selected as subjects. We evaluated weight bearing in terms of the spinal cat's ability to maintain digitigrade posture while fully supporting the weight of the hindquarters in an unaided stance. To maintain the cat's position on the treadmill, it was placed in a vest with flaps attached to the sides of the treadmill frame (Fig. 1) . The forelimbs rested 2 cm above the belt on a plexiglass shelf, and the hindpaws had contact with the treadmill belt. The tail was held by hand for lateral balance and, when necessary, to compensate for the lack of full weight bearing by the hindlimbs. Treadmill training at slow speeds (0.1-0.4 m/s) began 3-6 mo after cord transection, and each cat was trained for 20 min, five times weekly for ~2 wks. This period was not intended to train walking behaviors because the adult spinal cats demonstrated reasonably good at Portland State Univ on February 6, 2013 http://jn.physiology.org/ Downloaded from weight-bearing locomotion during their first exposure to the treadmill (10) . The training period, however, helped the animals adjust to the experimental apparatus.
To elicit paw shaking during hindlimb walking, the right hindlimb was pulled backward and masking tape was wrapped around the paw at the level of the central pad. When the limb was released, alternate stepping usually resumed when the taped hindpaw contacted the treadmill belt. The tape stimulus, however, proved to be a poor paw-shake stimulus for two of the spinal cats, and a water stimulus was used instead. The plantar surface of the hindpaw was squirted at toe-off by using a hypodermic syringe filled with cool tap water. In general, the water stimulus was less disruptive to the overall walking behavior than was the tape, because the hindlimb did not have to be restrained to administer the stimulus.
Recording and analysis of combined behavior
The procedures described previously (25) were used to implant bipolar electrodes in the soleus of both hindlimbs [right soleus (RSO) and left soleus &SO)] and in the tibialis anterior (TA), lateral gastrocenmius (LG), vastus lateralis (VL), and gluteus medius (GM) in the right hindlimb. Procedures for electromyographic (EMG) recording and analyses were similar to those described in the preceding study (4) . Burst duration for all muscles was calculated and averaged for each record. The locomotion cycle period was measured from the onset of successive LSO bursts, and paw-shake cycle periods were measured from successive right lateral gastrocnemius (RLG) bursts. Intralimb synergies were determined by onset latencies of selected flexor and extensor muscles of the right hindlimb referenced to the RLG and expressed as a percentage of the locomotor or paw-shake cycle. Interlimb coordination for hindlimb walking was determined from the onset latencies of the RSO referenced to the LSO and expressed as a percentage of the locomotor cycle.
Procedures for taking high-speed cinefilm (16 mm), film digitization, data smoothing, and kinematic analysis were identical to those described in the preceding study (4) . For the kinematic analysis, five step cycles without the paw-shake response and one step cycle with the response were analyzed for each cat. Paw-contact times and joint displacements at each joint (hip, knee, and ankle) were averaged for each condition.
RESULTS
General description of combined behaviors
Just as in normal cats (1, 4) , spinal cats did not generate a paw shake during every step cycle. One or two paw-shake responses were initiated immediately after application of the stim ulus, and then hindlimb walking continued without paw shaking. On some trials the application of water or tape completely disrupted stepping in the stimulated limb and resulted in the limb being held off the belt by hip flexion and knee extension while the contralateral hindlimb continued to step. During other trials both limbs ceased to step, both hindpaws were held off the belt by hip flexion and knee extension, and support for the hindquarters was supplied by the experimenter pulling up on the cat's tail. Analysis of the combined behaviors was limited, therefore, to trials in which at least one complete step cycle occurred before and after the paw-shake response.
When the paw shake occurred, it was initiated during the swing phase of the right hindli mb. The duration of the paw-shake response was quite variable among the three spinal cats; the average number of cycles per response was 12 t 1 for cat I using the tape stimulus, and 7 t 3 and 3 t 1 for cats 2 and 3, respectively, using the water stimulus. The sample kinematic record in Fig. 2B illustrates one of the longest responses, a 14-cycle paw shake, recorded during the combined behaviors. When a paw-shake response was com- bined with the swing phase, the contralateral hindlimb took one or two support steps, depending on the duration of the paw shake, and the response was followed by a recovery step in the right hindlimb. These two behaviors are illustrated in two representative electromyographic (EMG) records (Fig. 3) . In Fig. 3A the right hindlimb completed a 2-cycle paw-shake response and the left hindlimb took one support step. In Fig. 3B , a 6-cycle paw shake was combined with two support steps. For each cat, one speed between 0.2 and 0.4 m/s at which hindlimb walking was most rhythmical with consistent weight support, was selected to investigate weight-bearing hindlimb walking combined with paw shaking. The three spinal cats demonstrated their best weight-bearing locomotion at different speeds (cat I, 0.2 m/s; cat 2, 0.3 m/s; and cat 3, 0.4 m/s). Differences were not significant, however, in the cycle periods, normalized EMG parameters, or gait patterns among the cats. Therefore, the EMG measures for hindlimb walking without the paw-shake response were averaged for all animals (Table 1, top). Statistical differences between spinal locomotion with and without the paw-shake response were estimated for EMG cycle characteristics by using within-subject t tests as described in the preceding paper (4) . Adjustments during the swing phase, recovery, and support steps are discussed separately.
Adjustments in interlimb coordination LENGTHENED SWING PHASE. To accommodate the paw-shake response, the swing phase of the shaking hindlimb increased, as indicated by a delay in contact of the right hindpaw. Examples of paw-contact patterns are shown in Fig. 4 , and the expected contact times, es- timated from steps without the paw shake, are marked for the two spinal cats that had the illustrated by dashed vertical lines. The in-longer paw shakes (Fig. 4A ). During these trials crease in swing duration was particularly the right hindlimb actually missed a step, and Step I
Step 2
Step I
Step 2  Pattern I+  2  19  626+75t  986t182  65+9t  58klO  43k18  61t15  PaItem 2$  1  3  625k85f  815t122  68k7t  61H 1  89&l lt  4+9t Values are means ? avg within-subject SD. For patterns I and 2, steps I and 2 are support steps; RSO-%BD and RSO-%OL are recovery steps. N, no. of cats; n, no. of step cycles; LSO, left soleus; %BD, burst duration normalized to percentage of step cycle; RSO, right soleus; %OL, onset latency referenced to LSO and normalized to step cycle.
* Aug of 8 cycles/pa w-shake response. t Statistically significant comparisons with data from no paw-shake steps (see text).
$ Aug of 3 cycles/paw-shake response. the swing duration was prolonged on average by 1,000 t 74 ms. For the spinal cat that had the shortest paw shakes, the increase in swing duration was substantially less, ranging from 50 to 600 ms (e.g., see Fig. 4 , B and C).
RECOVERY
STEP.
The paw shake was followed by a recovery step in the right hindlimb. Recovery steps taken by the spinal cat that responded with short two-to three-cycle paw shakes, were similar to steps without paw shakes. Neither the onset latency nor the normalized RSO burst duration of the recovery step was different from steps without the pawshake response. During long responses the onset latency of the recovery step was calculated with reference to the cycle period of the second support step. Onset latencies calculated in this manner revealed two adaptive recovery step patterns with respect to interlimb coordination. We call these pattern I and pattern 2 (Fig.  4, A and B) .
In pattern I, typical of two of the spinal cats, an alternating gait was resumed following the paw-shake response (Fig. 4A) and neither the normalized right soleus (RSO) onset latencies nor the RSO burst duration of the recovery step were significantly different from steps without paw shakes (Table 1, bottom). In pattern 2, typical of the remaining animal, both hindpaws made simultaneous contact with the treadmill belt after the paw shake (Fig. 4B) . Thus, the RSO onset latency for the recovery step decreased from an average of 53% (no paw shake) to 4% (Table 1 , bottom), as the hindlimbs switched from an alternating to a nonalternating pattern. Also typical of pattern 2 was that the recovery step had rather unpredictable stance durations, indicated by higher than average within-subject standard deviations for normalized RSO burst durations and more variable paw-contact durations. On some trials, stance duration during the recovery step occupied as much as 89% of the cycle (cf. Table 1, bottom), but on other trials both hindpaws lifted off the treadmill belt simultaneously, thereby continuing the nonalternating pattern into the next step cycle.
Usually, an alternating gait was resumed one or two steps after the paw-shake response. TWO SUPPORT STEPS.
During long paw shakes accompanied by two support steps, the cycle period of the first support step was always shorter than that of the cycle period for the second, as illustrated by left soleus (LSO) burst durations ( Table 1 , bottom) and paw-contact patterns (Fig. 4A) . Compared with steps with no-paw shakes, the average cycle period of the first support step was significantly shorter, but stance (indicated by normalized LSO burst durations) occupied a greater percentage of the cycle (Table 1) . Cycle periods and LSO burst durations were more variable for the second support step, but on the average, were not significantly different from steps without paw shakes.
ONE SUPPORT
During several trials one spinal cat responded to the water stimulus with two-cycle paw-shake responses (e.g., Fig. 3A ). During these very brief responses, the contralateral hindlimb completed only one support step. The average cycle period of the single support step was significantly longer and more variable than for steps without a paw shake, averaging 1,364 t 249 and 998 t 68 ms, respectively. The longer cycle period resulted primarily from a prolonged swing, however, rather than from a prolonged support stance. In fact, stance duration (indicated by normalized LSO activity) decreased by 20%, from 56% t 4 to 36% t 7 ms. This adaptive gait pattern during the paw-shake response produced a period of nonsupport during which both hindlimbs were momentarily off the treadmill belt (see Fig. 4C ).
Transitions in intralimb synergies
For the combined behaviors, intralimb pawshake characteristics were examined for 20 records from the three spinal cats. In addition, for each of the three cats, joint displacements at the hip, knee, and ankle were calculated for paw shakes from one step cycle when the response was combined with swing. Of particular interest were the changes in muscle synergies and joint displacements associated with paw shaking during the transition from the stance phase of the step cycle to a swing phase and the transition back to swing subsequent to the paw shake.
Although the number of paw-shake cvcles varied among spinal cats, the average cycle period was similar at 8 I t 8 ms. Furthermore, the intralimb synergy was similar for all paw shakes recorded and is summarized in Fig. 5 . During the response, the ankle [lateral gastrocnemius (LG)] and hip [gluteus medius (GM)] extensors were coactive, and both muscles displayed single bursts of activity with abrupt onsets and high amplitudes [e.g., see right lateral gastrocnemius (RLG) in Fig. 31 . The ankle flexor [tibialis anterior (TA)] and knee extensor [vastus lateralis (VL)] were coactive and reciprocally active with the LG and GM. At 6 1% of the paw-shake cycle, the onset latency of the TA was slightly later than the VL; an average onset latency was 5 1%. Both the VL and TA exhibited single-burst patterns during each paw-shake cycle, and normalized burst durations for these two muscles were longer than those observed for the LG and GM. During the paw-shake response ankle and knee joint motions were out-of-phase, thereby 'reflecting the mixed muscle synergy of VL + TA. Peak ankle flexion and knee extension occurred together and were followed by peak ankle extension and knee flexion (Fig. 6) . At the initiation of the paw-shake response, hip oscillations were often not always discernible or were minimal during the first few cycles (e.g., see hip in Fig. 2B ), although the GM was typically coactive with the LG during the first Intralimb coordination during oscillations when PSR was combined with swing phase of step cycle. Two sample records were taken from different cats, and in both, 4 consecutive paw-shake cycles (measured by peak ankle extension) were isolated fi-om responses that contained 7 or more cycles during swing phase. To illustrate phase relations among joint motion, a vertical line was drawn, to mark initiation of second cycle. In both records, knee and ankle motions were out-of-phase; thus peak ankle extension coincided with peak knee flexion. Typical of 2 cats, hip motions were relatively in-phase with knee motions and out-of-phase with ankle motions (record B), but in 1 animal, hip oscillations were more in-phase with ankle motions (record A).
paw-shake cycle. When hip oscillations were recorded in two animals, they were usually more in phase with knee oscillations than with those at the ankle (Fig. 6B) . In the third animal, however, hip oscillations were generally more in-phase with those at the ankle (Fig.  6A) . These two kinematic patterns were not reflected in different muscle synergies (see DISCUSSION As mentioned before, the paw-shake response was initiated during the swing phase of the stimulated limb. For the two animals that had the longer paw-shake responses the time from toe-off to the first peak knee flexion decreased slightly ( 14-60 ms), but for the cat that had the shortest paw shakes, no consistent pattern was seen. Both kinematic and EMG data suggested that knee extension initiated the mixed synergy typical of the paw-shake response, and the reversal in joint displacement from flexion to extension occurred first in the knee joint, followed by the ankle and hip joints, respectively (e.g., Fig. 2B ). This sequence was similar to the normal transition during swing in step cycles without the paw shake (Fig. 2A) ; that is, knee extension always preceded hip and ankle extension. In addition, when the pawshake response occurred during swing, average peak knee flexion increased by 20°. The paw shake usually ended with flexor activity and flexion at the hip and ankle (Fig.  2B) , and subsequently, extensor synergy returned. The resultant motion at the hip, knee, and ankle joints was in-phase extension to initiate the extensor phase (E-l) of swing when the paw was lowered for stance. To combine hindlimb walking with paw shake, the spinal cat produces the paw shake during the swing phase of the stimulated hindlimb, while the contralateral hindlimb completes one or two support steps, depending on the number of paw-shake cycles. The support steps, usually one quick step followed by a longer one, maximize the time during which the contralateral limb supports the hindquarters while the other hindlimb is elevated and completing the pawshake response. These adjustments are similar to those adopted when spinal cats walk on a split-belt treadmill (8) . During split-belt locomotion with a 2: 1 rhythm, for example, the limb on the faster belt takes a long and a short step for every cycle of the slow limb. The uneven cadence of both the fast limb during splitbelt locomotion and the support limb during walking and paw shaking demonstrates that, although the hindlimbs may be governed by separate limb generators, compensatory steps are phase adjusted to the homologous limb. Thus, periods of nonsupport between hindlimbs occur rarely. These data also demonstrate that central spinal mechanisms, in conjunction with motion-dependent feedback, have a remarkable capacity to maintain continued hindlimb walking under a wide variety of environmental and behavioral perturbations.
MODIFICATION
OF PAW-SHAKE DURATION.
When normal cats combine the paw-shake response with quadrupedal locomotion, the hindlimb contralateral to the shaking limb never takes multiple steps, rather a single, lengthened support step compensates for a shortened paw shake of two to four cycles (4). The capacity of the normal cat to shorten the paw-shake response, which typically consists of eight cycles in a stationary posture (25,27), seems critical for the effective combination of the two behaviors. In contrast, two of the spinal cats did not shorten the paw shake, and responses elicited by tape or water during the swing phase of the step cycle were typical of those elicited in the spinal cat with trunk suspended and hindlimbs pendent (23, 27). For the pendent hindlimb, the number of pawshake cycles is usually greater with tape than with water, being 12 vs. 8, respectively (22). One walking spinal cat, however, consistently responded to the water stimulus with a brief response of two to three cycles rather than the expected eight-cycle paw shake. Thus, in combining the two behaviors, the responses of this spinal cat were remarkably similar to those reported for normal cats (4) . Why this spinal cat had consistently short responses to the water stimulus is not clear, and we do not know whether this animal usually produced shorterthan-average shakes to water in other postures, or whether the paw-shake response was actually shortened during the combined behaviors.
The failure to shorten paw shakes during the combined behaviors, typical of two of the spinalized cats, may be due to the absence of rostra1 input at lumbosacral segments. Once the paw-shake response is elicited, spinal mechanisms may depend on descending influences from various supraspinal centers to truncate the response and thereby limit its duration within a typical swing phase. Also in normal cats, propriospinal connections, known to exist between cervical and lumbar segments (18, 29), may contribute to shortening the paw shake during locomotion. To meet the behavioral goal of keeping a constant treadmill position, adjustments in coordination among all four limbs are necessary during quadrupedal locomotion, and forelimb feedback may exert influence on lumbosacral circuits to facilitate shortening of the paw-shake response. Also, the output from forelimb locomotor generators may directly influence those of the hindlimbs. Spinal cats, however, have no such behavioral goal. and neither motion-dependent feedback from the forelimbs nor input from forelimb generators is available to influence hindlimb locomotor generators.
PAW-SHAKE CHARACTERISTICS.
Average paw-shake cycle period and normalized burst durations were consistent with previous literature on the paw-shake cycle in adult cats spinalized at the T12 level (23,27). In addition, the basic EMG and kinematic patterns characteristic of the paw shake were preserved when the response was generated during spinal locomotion. The LG + GM muscle synergy was reciprocally active with the TA + VL synergy, and the mixed synergy resulted in outof-phase motion at the knee and ankle. These same EMG and kinematic patterns were also observed when the paw-shake response was combined with locomotion in the normal cat (4), for pendent paw-shake responses in spinal cats (17, 27) , and for normal cats in a stationary posture (25).
In both normal and spinal cats, hip motions showed the greatest variability during the combined behaviors. When the hip participated during the paw-shake response, hip oscillations of normal cats were in-phase with ankle motions (e.g., Fig. 5 , Ref. 4); this pattern was also typical of one spinal cat (e.g., Fig.  6A ). In two of the three spinal cats, however, hip and knee motions were generally in-phase (e.g., Fig. 6B ). These two distinct patterns have also been described for spinal cats tested with the trunk suspended and hindlimbs pendent, and they are not associated with different muscle synergies (16). These results support the concept that hip motion during the pawshake response is not predictable from the neuromuscular pattern and that hip oscillations emerge only when large intersegmental limb dynamics are counterbalanced by hip muscle moments (see Ref. 16 for further discussion).
Neural coordination of combined responses
In normal cats, neural coordination of locomotion involves interaction among supraspinal centers, networks of spinal intemeurons, and motion-dependent feedback from the limbs (6, 11, 12 Requirements for intralimb synergies and model central pattern generators. In A, synergies typical of walking illustrate reciprocal activity for uniarticular extensor (shaded bars) and flexor (unshaded adaptive modifications of the step cycle to external perturbations (7, 8, 28) . Also, spinal mechanisms appear capable of combining the paw shake with ongoing locomotion in a functionally appropriate manner.
Although supraspinal and descending propriospinal input from rostra1 segments may be necessary to obtain shortening of the paw shake during swing, the spinal cat adjusts interlimb coordination and adapts the step cycle to include a paw shake. Furthermore, input from supraspinal centers is not required for the transition from the general reciprocal flexor and extensor synergies characteristic of locomotion to the mixed flexor-extensor synergy typical of the paw-shake response. Clearly the problems of integrating complex motor behaviors of the hindlimbs can be resolved by neural mechanisms located wholly within lumbosacral segments.
Neural models proposed for spinal control of hindlimb locomotion (see Fig. 3 1, Ref. 11 ) have not previously included mechanisms responsible for the blending or switching between reciprocal and mixed synergies observed during locomotion with the paw shake in the spinal cat. Grillner ( 12, 13) postulates that the unit burst generators, normally connected to ensure the general reciprocal flexor and extensor muscle patterns during locomotion, can be fractionated into smaller subunits or recombined to produce different movements when supraspinal input is available (see Fig.  9, Ref. 13) . In a recent review article (13), Grillner notes that by changing from one set of connections among unit burst generators to another, "higher centers could change the pattern of coordination." The need for supraspinal control, however, does not accommodate either the generation of a paw-shake response by the spinal cat, or the simultaneous control of spinal locomotion with paw-shaking. Spinal mechanisms capable of altering priorities among unit burst generators of the lumbosacral cord may also exist. This broader view of spinal cord capabilities occurred to Stein and his collaborators from their studies of three forms of the scratch reflex in the spinal turtle ( 19).
A conception of the unit burst generators capable of providing appropriate intralimb synergies for walking and paw shaking is illustrated in Fig. 7 . In both central pattern generator (CPG) models, reciprocal flexor and extensor inhibition is preserved at the hip and ankle, since reciprocal recruitment of antagonistic muscles is observed during walking and paw shaking. In the model, however, the knee flexor unit is omitted (cf. black circle), because independent control of knee flexors may be unnecessary for the two behaviors. Actions of biarticular muscles (e.g., hamstrings, gastrocnemius) during the paw-shake response preclude the need for a knee flexor unit. In addition, during slow walking, knee flexion is primarily regulated by inertial interactions that obviate the need for knee flexor activity during slow walking (15, 25) .
Grillner ( 1 l-13) usually discusses biarticular muscles in terms of their action at one joint only; thus for example, the semitendinous is often called a knee flexor, with little or no reference to its action as a hip extensor. A uniaue set of unit burst generators mav exist for motor units that have true biarticular functions. The models in Fig. 7 show unit burst generators for motor pools that only have uniarticular functions; those that have biarticular functions are not illustrated. Clearly, future models will have to address this issue (see Smith, Ref. 24 for further comments).
The major difference between the two models is the connections among the three extensor burst units. Although excitatory connections exist in the hip, knee, and ankle for locomotion, inhibitory connections from the ankle and hip are needed to effect the pawshake synergy. Uncoupling of the knee extensor unit from other hindlimb extensors, and the excitatory connection between ankle flexor and knee extensor units provides for the mixed TA + VL synergy that is typical of paw shake. A dotted diagonal line between the burst unit for ankle flexors and knee extensors indicates possible reinforcement of the mixed synergy by motion-dependent feedback from the hindlimb once the paw shake is initiated (17, 27). Whether the same unit burst generators are common to the two behaviors is not known (also see Ref. 26 ). If they are shared, perhaps a controlling network exists that is sensitive to the input of the triggering stimulus (e.g., a moving treadmill belt or tape on the hindpaw) and to the ensemble of hindlimb afference indicating the postural status of the hindlimbs. Thus, when the paw is in contact with the treadmill belt during stance, recip rocal flexor-extensor configurations are potentiated, but once the hindlimb is unloaded the stimulus to the paw becomes dominant, and the unit generators are reconfigured to initiate the paw-shake response. Alternatively, unit configurations for each response may in themselves represent separate and unique CPGs, with each being facilitated or inhibited by a controlling network, peripheral feedback, or a combination of both. In this case, combining two behaviors would be accomplished by switching between pattern generators.
